Molecular architecture of the Spire-actin nucleus and its implication for actin filament assembly
The Spire protein is a multifunctional regulator of actin assembly. We studied the structures and properties of Spire-actin complexes by X-ray scattering, X-ray crystallography, total internal reflection fluorescence microscopy, and actin polymerization assays. We show that Spire-actin complexes in solution assume a unique, longitudinal-like shape, in which Wiskott-Aldrich syndrome protein homology 2 domains (WH2), in an extended configuration, line up actins along the long axis of the core of the Spire-actin particle. In the complex, the kinase noncatalytic C-lobe domain is positioned at the side of the first N-terminal Spire-actin module. In addition, we find that preformed, isolated Spire-actin complexes are very efficient nucleators of polymerization and afterward dissociate from the growing filament. However, under certain conditions, all Spire constructs-even a single WH2 repeat-sequester actin and disrupt existing filaments. This molecular and structural mechanism of actin polymerization by Spire should apply to other actin-binding proteins that contain WH2 domains in tandem.
cytoskeleton | nucleation T he first step in the assembly of actin filaments is nucleation (1, 2) . Three major classes of nucleating proteins have been identified until today: the Arp2/3 complex together with newly identified nucleation-promoting factors such as WASH, WHAMM and JMY (3) (4) (5) (6) (7) , formins (8, 9) , and a third class which comprises the proteins commonly named tandem-monomer-binding nucleators (10) . This last group of nucleators contains 17-27 amino acid long actin-binding motifs called the WH2 repeats-the name derived from the Wiskott-Aldrich syndrome protein homology domain 2 (11, 12) . The group consists of Spire (13) , Cordon-bleu (14) , Leiomodin from muscle cells (15) , JMY (6) , and the recently discovered adenomatous polyposis coli (APC) protein (16) . These proteins share the common ability, mediated by WH2 domains, to gather actin monomers into a nucleation complex, but the arrangement of nuclei might vary significantly among these nucleators. Spire contains four consecutive WH2 domains and is the most important representative member of the group. The molecular mechanism of actin nucleation is well described for the Arp2/3 complex (17) and formins (18) , whereas several different mechanisms have been proposed for Spire (19) (20) (21) (22) , Leiomodin (15) , JMY (6) , and the APC protein (16) . The N-terminal domain of Spire (SpireNT, residues 1-520 in Drosophila melanogaster Spire; see Fig. S1 ) has the potential to form a string of four actin monomers through the interaction with four WH2 repeats (13, 19, 20) . WH2 motifs are known to be intrinsically disordered, adopting an α-helical structure only upon binding to actin (23) . Alignments of WH2 domains indicate that the most conserved regions are the LKK motif and an α-helix at the N terminus, which is shown to be the principal structural actin-binding element that binds to actin in its hydrophobic pocket between actin's subdomains 1 and 3 (20, 24, 25) . The rest of the WH2, including the LKK motif, extends along the outer surface of the actin subdomain 1 up to subdomains 2 and 4. The KIND domain of Spire (the kinase noncatalytic C-lobe domain, residues 90-328 in D. melanogaster Spire, see Fig. S1 ) is known to interact with another actin nucleating factor, Cappuccino (fly formin) (26, 27) . Mutational studies indicated that among the four WH2 domains of Spire, the C and D domains have the strongest nucleation potential and the CD fragment is sufficient to initiate the polymerization process (13) . Additionally, the L3 linker between domains C and D was identified as an actin monomer binding element with weak nucleating activity (6) . In an actin assembly assay, the ABCD nucleating region of Spire nucleates actin at low Spire-actin ratios and sequesters actin at high Spire-actin ratios (7, 13, 19, 20, 27) . It was concluded that the complexes of Spire with actin are formed in efficient and cooperative association reactions, are stable, and adopt the shape of one strand of the long-pitch helix of the actin filament, thus making a filament template (13, 19, 21, 28) . However, recent high-resolution crystallographic studies of a number of Spire-actin constructs composed of one to four WH2 domains including the linkers did not support this view and showed arrangements that significantly differed from the structure of actin filaments (20) . The 7-Å resolution crystal structure of an (actin)2-(WH2)3 complex (21) was also interpreted as different from the long-pitch helix of the actin filament; however, our recalculations using the deposited intensity and model data (21) did not verify, by the usual crystallographic reliability criteria, the suggested solution of the crystal structure, which we therefore regard as insignificant.
The smallest of these complexes, actin/single-WH2 repeat (actin-ðWH2Þ 1 ), displayed the bound α-helix and the LKK motif well defined at atomic resolution (20) . All other complexes with more than one WH2 domain were isomorphous and showed precisely the polypeptide main chain of the α-helical actin-binding element, but blurred electron density for the amino acid side chains, as expected for a statistical averaging of the homologous sequences of the WH2 domains. The connecting linker segments were not defined by electron density, indicating disorder. The measured distances between the defined termini of the WH2 domains in the crystal lattice and the known number of residues connecting them, however, allowed three, and only three, possible quaternary arrangements of ðactin-WH2Þ n , which we named compacted side-to-side, elongated side-to-side, and straight- longitudinal (20) . To differentiate among these three possible arrangements, we now performed solution studies by small-angle X-ray scattering (SAXS) of the constructs used for crystallography. The SAXS data provide a unique solution and prove the longitudinal-like model. We also carried out actin polymerization assays and found that distinct isolated Spire-actin complexes are very efficient nucleators of polymerization. However, under certain conditions, all Spire constructs, including a single WH2 repeat, disrupt actin filaments.
Results
Spire-Actin Complexes Show the Longitudinal-Like Shape. The SAXS measurements were carried out on several constructs of Spire bound to both rabbit skeletal actin (designated further as rs-actin) and cytoplasmic nonpolymerizable D. melanogaster 5C actin (APactin) (29) . The following complexes were studied: SpireNT/ rs-actin, SpireABCD/rs-actin, SpireBCD/rs-actin, SpireBCD/ AP-actin, SpireBCDhelix/AP-actin, SpireDDD/rs-actin, SpireBC/ rs-actin, and SpireCD/rs-actin (see Figs. S1 and S2 for the constructs of Spire used in our study). The structural parameters, including experimental radius of gyration (R g exp ) and the maximum particle dimension (D max ), calculated from the experimental scattering patterns of various Spire-actin complexes are shown in Table S1 . Analysis of the Guinier plots of the data measured at different concentrations show all samples to be free of any significant aggregation. For each sample, the estimated molecular weights are in agreement with the results of size exclusion chromatography, confirming stability and stoichiometry of all complexes during measurements. The large differences between D max and R g clearly suggest an elongated shape of the complexes. Indeed, visualization of molecular envelopes reconstructed ab initio from the SAXS data using the DAMMIF program (30) consistently show bumpy longitudinal-like structures for all studied complexes (Fig. 1A ). The computed experimental particle dimensions are around 230 Å for the long SpireNT, and 200, 150, and 110-130 Å for the constructs which contain four, three, and two WH2 domains, respectively (Table S1 ). SpireNT forms a complex which is around 30-Å longer than that of SpireABCD/ actin; the extra volume is accounted for by the KIND domain, which is positioned at the N terminus of the WH2A domain of Spire. The data in Table S1 show that there were no significant differences in SAXS among complexes of Spire with rs-actin or AP-actin and rs-actin/latrunculin B.
Architectures of Spire-Actin Complexes. We used the high-resolution crystal structures of Spire-actin complexes [Protein Data Bank (PDB) codes 3MN5, 3MN7, 3MN9] published by Ducka et al. (20) as starting points for modeling the SAXS data for the complexes of SpireABCD/actin, SpireBCD/actin, SpireBC/actin, and SpireCD/actin. First we compared the computed small-angle scattering curves from three possible arrangements derived from the crystal structures to the experimental SAXS data, namely, compacted side-to-side, elongated side-to-side, and straight-longitudinal (Fig. 1B) . Each arrangement corresponding to various Spire constructs constituted one model used for fitting to the scattering curves. Theoretical radii of gyration (R g t ) calculated for crystallographic models are presented in Table S1 . Comparison of the experimental and theoretical radii of gyration reveals that, for the SpireABCD/actin particle, the value of R g exp (57.8 Å) is located between the R g t values of the straight-longitudinal (66.7 Å) and elongated side-to-side (52.7 Å) models. For the SpireBCD/actin complexes, the values of the experimental radii of gyration (ca. 45 Å) are similar to theoretical values of the elongated side-to-side models (44.6 Å). Values of R g exp for the SpireBC/ actin and SpireCD/actin were 34.2 and 38.2 Å, respectively, and were not significantly different from R g t values of the straight-longitudinal arrangement (36.8 Å), elongated side-to-side (36.9 Å), and even compacted side-to-side (32.4 Å) configurations.
Although the radii of gyration did not yield a unique answer, the comparison of the experimental and computed SAXS patterns showed that, out of the three possible configurations derived from the crystal structures, the straight-longitudinal model fits by far best to the solution arrangements of the SpireABCD/ actin, SpireBCD/actin, SpireDDD/actin, SpireBC/actin, and SpireCD/actin. Furthermore, the results do not depend on the type of the actin used; i.e., rabbit actin or the AP-actin (Table S1 ). In particular, for the most elongated preparation, the SpireABCD/ actin, the straight-longitudinal arrangement fits the crystal model with a χ 2 f of 7.9, whereas the χ 2 f of both side-to-side models are 27.9 and 58.9 for elongated and compacted configurations, re- spectively (Fig. 1B, Table S1 , and Fig. S3 ). For the SpireBCD/ actin and SpireDDD/actin complexes, the longitudinal models always produce the best fit to the data (Figs. S4 and S5). The χ 2 f values for the straight-longitudinal models vs. data are between 6 and 15, undisputedly better than the values for the two other models (Fig. 1, Figs . S4 and S5, and Table S1 ). In the case of the two WH2-domains/actin complexes (SpireBC/ actin and SpireCD/actin), the elongated side-to-side model fits almost as well as the longitudinal one, and the elongated model cannot be ruled out by the two-actin constructs data alone. The two WH2/actin complexes of SpireBC and SpireCD do show some differences: the models from SpireBC/actin are more longitudinallike than the models from SpireCD/actin, which could also be interpreted as elongated side-to-side. The difference between these two in the scattering data is however small (Fig. 1B and Fig. S6) .
Additionally, we used the filamentous arrangement of one strand of the actin filament as a model (31) . For SpireABCD/ actin, the straight-longitudinal configuration fits the SAXS data better than one strand of the long pitch of a four-actins-long filament (χ 2 f of 7.9 vs. 10.6, respectively); the straight-longitudinal model fits better for parts of the SAXS curves that start to diverge the most at q > 0.151∕Å (Fig. S3) . For the shorter ðactin-WH2Þ 3 complexes, the longitudinal model and the one-strand F-actin filament (consisting of three actin molecules) cannot be clearly differentiated, although the longitudinal model produces a better fit. In the case of the ðactin-WH2Þ 2 constructs, our SAXS analysis does not distinguish between the longitudinal, elongated, and filamentous arrangements. However, F-actin-like structures are unlikely because identical complexes are formed between Spire and AP-actin, rs-actin and the rs-actin inhibited by latrunculin B, which cannot form F-actin-like longitudinal bonds.
In the next step, we refined the positions of the actin-WH2 domains in the complexes by rigid body modeling of the SAXS data. A model of the Spire constructs was formed by taking the crystal structure of the actin/WH2-D complex (PDB code 3MN5) (20) as a rigid body, connecting n copies of it with the linker regions of the construct and adding the N-and C-terminal extensions. Here n is the number of WH2 domains in the construct. The linkers and extensions were modeled as flexible dummy amino acid chains, which allowed free actin-WH2 domain movement within the limits set by the linker lengths in the protein. For SpireNT/actin, the recently released KIND domain structures (PDB codes 2YLF and 3RBW) (32, 33) were used as an additional rigid body element. The models obtained by rigid body refinement are in agreement with the fitting of the crystal-derived models, indicating the longitudinal-like arrangement being the only one or at least the dominant conformation of the Spire-actin complex. Although the overall shape of the complexes stays similar to the crystallographic straight-longitudinal model for all Spire constructs, the actin orientation within each complex is typical for both longitudinal and elongated side-to-side configurations, which is especially seen for the WH2(CD)/actin unit. Rigid body modeling of the SpireCD/ actin produces both configurations with similar χ 2 r values. It is worth noting that SpireCD/actin has a larger maximum particle diameter than SpireBC/actin (130 vs. 110 Å) probably because the linker L3 of SpireCD is longer than L2 of SpireBC.
The rigid body modeling of SpireABCD, SpireBCD, SpireDDD, SpireBC, and SpireCD improved the fits to the scattering patterns compared to the crystallographic models, with χ 2 r values dropping considerably for each complex, suggesting deviations and/or mobility of the actin/WH2 modules in solution ( Fig. 2 and Table S1 ). The rigid body modeling of SpireNT/actin generates solutions with χ 2 r around 1.9. The complex has the longitudinal-like arrangement (R g exp ∼ 69 Å) with a ðWH2∕actinÞ 4 core module similar to SpireABCD/actin (and to the rest of all shorter constructs), but adopts an "L"-like shape because of the presence of the KIND domain, which is positioned at the side of the SpireA.
Isothermal Titration Calorimetry (ITC) Analysis of the Interaction Between Spire and Actin We used ITC to characterize the binding properties of several constructs of Spire to actin, namely, the single, isolated WH2A, -B, -C, -D domains and the linker L3 of Spire. In order to analyze the L3 linker properties, we have synthesized the peptide corresponding to the amino acid residues 448-460 and designed two overlapping constructs, the WH2C-L3 and L3-WH2D (Fig. S1 ). To avoid spontaneous oxidation during measurements, we substituted the native cysteine by serine (Cys459Ser) (Table S2 and Fig. S7) . Addition of the L3 linker to the N terminus of the WH2D domain does not significantly influence the K d of SpireD, whereas the C-terminal extension of SpireC yields a lower dissociation constant (0.17 μM) in comparison to WH2C (0.28 μM). We have not observed any interaction between the synthetic L3 peptide and both AP-actin and rs-actin.
Nucleation of Actin Polymerization by Spire WH2 Domains. Three essential features of Spire constructs upon interaction with actin are (i) nucleation of actin polymerization only at substoichiometric WH2-to-actin ratios, (ii) an extremely fast disintegration of actin filaments upon addition of Spire constructs that contain WH2 domains (7, 19, 27) , and (iii) a dose-dependent decrease of polymerization-induced fluorescence signal during steady state. Here we tested the influence of the following Spire constructs on actin dynamics: SpireNT, -ABCD, -BCD, -CD, -DDD, -L3D, -D. We analyzed more the simpler constructs, like SpireDDD, SpireL3D, and SpireD without linker as well, with the aim to avoid more complex Spire-actin interactions that might obscure interpretation of the data (e.g., cooperative binding). We confirmed the nucleating activity at substoichiometric concentrations of SpireNT, -ABCD, -BCD, -CD domains as it was described previously (7, 13, 19, 20, 27) . These activities are found in the artificially designed SpireDDD construct as well. Fig. 3A , Left shows a representative polymerization assay with nucleating activities of SpireDDD. Nucleation occurs as long as there are less WH2 domains present than G-actin molecules. At higher ratios, the sequestering activity of WH2 domains takes over and the dosedependent decrease of fluorescence at steady state after polymerization can be observed.
Preformed SpireWH2/actin complexes act as perfect nuclei for actin polymerization, even at superstoichiometric WH2 concentrations (Fig. 4) . Free WH2 domains would sequester under these conditions, clearly suggesting that nucleating activity requires binding of actin monomers to tandemly arranged WH2 domains. Purified complexes of Spire constructs that are completely saturated with unlabeled actin cannot remove G-actin from the solution and the nucleating activity is not obscured by concurrent G-actin sequestering. However, under these conditions the decrease of fluorescence at steady state can be observed as well, which suggests that Spire is released from the emerging filament. Consequently, we did not find any cosedimentation of Spire with actin filaments from the steady-state phase after centrifugation at 120;000 × g. Size exclusion chromatography of the polymerized sample was in agreement with these data because we never found a shift of spire constructs into the F-actin fraction.
Sequestering activity of Spire and filament disruption. The constructs SpireL3+D, comprising amino acids 448-485 and the smallest possible construct SpireD without the linker consisting of 24 amino acids only (463-485), cannot nucleate filaments, but exhibit the expected sequestering activity (Fig. 3B, Left) . Most surprisingly, they are also able to quickly disrupt the preformed actin filaments. Fig. 3B , Right shows the F-actin disrupting activity of SpireL3+D. SpireD without the linker essentially shows the same activity. The fluorescence drops in only a few seconds to a stable plateau. No slow decline of fluorescence can be observed as, for example, the well-known dilution-induced actin depolymerization from the barbed ends. The disintegration of existing actin filaments by Spire WH2 domains is independent from the nucleating activity because the rapid decrease of pyrene-fluorescence and the dose-dependent loss of viscosity in an F-actin solution can be detected with single WH2 domains as well. Consistent with the filament-disrupting activity of single Spire WH2 domains, also the synthetic SpireDDD efficiently chops up preformed filaments at steady state (Fig. 3A, Right) . To exclude any possible quenching effect of SpireWH2 constructs, high shear Ostwald viscometry measurements were carried out. Upon stepwise addition of SpireDDD, viscosity of a 12-μM actin gel decreases extremely quickly, reaching a stable plateau at each concentration until finally filaments completely disappear (Fig. 3C) .
The breakage of the filaments by SpireWH2 domains was also shown by total internal reflection fluorescence (TIRF) microscopy ( Fig. 3D and Movie S1). After addition of 3-μM SpireDDD to 20% Alexa555-labeled F-actin, the filaments are fragmented within seconds. The filaments show initially randomly distributed gaps which then increase at both ends. Most intriguingly, SpireDDD can even disrupt actin/fascin bundles very quickly (Movie S2). These bundles usually consist of about 20 actin filaments (34) . Recent data showed that actin/fascin bundles are extremely stable and resistant against disruption by cofilin over days (35) . Thus, unoccupied SpireWH2 domains have such an extremely high affinity to actin that they seem to be able to sequester actin monomers even from filaments and filament bundles, thereby quickly disrupting the whole structure. Treating phalloidin-stabilized actin filaments with, e.g., the 3xD WH2 construct did not lead to a disruption of the filaments. Furthermore, in cosedimentation assays, the WH2 domains decorate the filaments under these conditions. These data suggest that phalloidin Fig. 3 . The synthetic triple domain (SpireDDD) and a single domain with linker 3 (SpireL3+D) sequester actin are both able to disrupt preformed actin filaments. (A) SpireDDD shows nucleation only at substoichiometric ratios and sequesters actin at increasing concentrations (Left). Actin (2 μM) (10% pyrenylated actin) were polymerized in the presence of SpireDDD at the indicated molar ratios. Further addition of SpireDDD at steady state leads to a reduction of fluorescence signal; the complete disappearance of filaments was set to 100% (Right). (B) In contrast, the single WH2 domain SpireL3+D can only sequester G-actin but not nucleate polymerization (Left). However, similar to SpireDDD, addition of increasing concentrations of SpireL3+D to 2-μM polymerized actin leads to disintegration of the actin filaments (Right). AU, absorbance units. (C) An analysis of the filament disruption by Ostwald viscometry showed that an F-actin gel (12 μM actin) can be transformed into a sol by stepwise addition of SpireDDD reaching a stable plateau at each concentration. (D) The kinetics of filament disruption (see also Movies S1 and S2) have been visualized in a TIRF microscope by treating fluorescently labeled actin filaments with 3 μM SpireDDD. Red arrowheads indicate areas of initial filament disruption. Note that the F-actin is disrupted in a matter of seconds and does not follow the well-known depolymerization kinetics from barbed ends only. Fig. 4 . Actin-loaded WH2 domains nucleate polymerization in a transient fashion. Actin (2 μM) (10% pyrenyl-labeled) were polymerized in the presence of ðactin-WH2Þ n complexes at the indicated molar ratios. SpireNT/actin (A), SpireBCD/actin (B), and SpireCD/actin (C) form efficient F-actin nuclei. The reduced pyrene signals at steady state, however, indicate the release of the nuclei and the dose-dependent sequestration of actin/pyrene-actin from the solution. AU, absorbance units.
connects F-actin subunits so tightly that spire WH2 domains can bind but not break the filaments by removing monomers.
Discussion
We have applied small-angle X-ray scattering to study the architecture of several Spire-actin complexes including the most native N-terminal part of Spire (SpireNT) and other truncated but fully functional constructs. The SAXS ab initio reconstruction directly visualized the overall shape of complexes in solution and the rigid body refinement provided distribution of Spire-actin conformers. Spire forms stable longitudinal-like complexes with actin loosely positioned along the stretch of WH2 repeats. Interestingly, Spire forms identical complexes with Drosophila cytoskeletal 5C actin, native rabbit skeletal actin, and even when the latter one is inhibited by latrunculin B, suggesting that actins in the Spire-actin complexes do not form F-actin-like longitudinal bonds in the polymerization initiation complex.
Combining the high-resolution crystallographic models with the SAXS data clearly singles out the straight-longitudinal configuration for crystals and solution. The rigid body fitting of each complex to the SAXS data indicates small shifts from the crystal structures (Table S1 ) and shows arrangements that are predominantly straight-longitudinal with the admixture of the elongated side-to-side structures. The X-ray data suggest that actin molecules and parts of the WH2 domains, which consist of the N-terminal helix and C-terminal tail, constitute rigid units of the complexes. These are linked by unstructured and flexible linkers. The variability of the "around linker" regions is observed not only between actin/WH2 units of different constructs but also within one complex. This finding is in agreement with the rigid body refinement of the SAXS data, where for each construct only a few models with similar χ Our ITC investigations show that WH2 domains -A, -B, -C, and -D bind monomeric G-actin with comparable affinities, and the presence of L3 linker does not significantly influence the K d of either L3-WH2D or WH2C-L3. The L3 linker alone also does not interact with actin in our assays. These results do not confirm a previously described role of the L3 linker, which was also designated as a monomer binding linker (6, 13) . Our ITC data cannot exclude sequential or cooperative binding but rather suggest equal binding sites mode of interaction, at least at the stage of primary nucleus formation.
Our polymerization assays clearly show that the prepurified Spire-actin complexes (Fig. 4 and Fig. S2 ) are the intermediates that lead to enhanced nucleation. Actin is not solely sequestered in the dead-end Spire-actin complex, as was suggested by Bosch et al. (19) , but forms a dynamic Spire-actin nucleus that triggers fast polymerization (Figs. 4 and 5 A-E) . The shortest nucleating construct of Spire must have two WH2 domains; a single WH2 domain or the WH2 domain with a linker do not show any nucleation activity (Fig. 3) . On the other hand, sequestering activity as well as the disruption of actin filaments are the attributes of all constructs, including a single 20 amino acid long WH2 domain. These results suggest that the disintegration of an actin filament by Spire does not require a concerted action of two actin-binding sites as is typical for F-actin severing proteins from the gelsolin protein family (36, 37) . Thus, a single Spire WH2 domain can remove an actin monomer from the filament despite its F-actin conformation. Consequently, the filament will break at this position and the recently described enhanced depolymerization in dilution-induced depolymerization assays (19) is just because of the rapid increase of free barbed ends. An explanation for the filament dissociating activity of a single WH2 domain must be sought in conformational differences of the actin monomers in F-actin and WH2 complexes and mutual incompatibility of these conformers. Indeed, the crystal structure studies described earlier (20) and referred to in detail in this work offer strong evidence for this view.
For the mechanism of the nucleation of actin by Spire, the following findings must be taken into account: (i) the longitudinallike architecture of the Spire-actin interaction is dominant in solution, (ii) ITC shows similar affinities of WH2 domains to actin, (iii) nucleation activity, (iv) fluorescence decrease at steady state, (v) dissociation of Spire or Spire-actin from the growing filament, and (vi) disintegration of existing filaments.
From our and others' in vitro experiments, we can conclude that, under nonpolymerizing conditions, Spire binds actin and forms the sequestering/nucleating complex (Figs. 1, 2 , and 5 A and B, and refs. 19 and 20) . Fully actin-saturated Spire WH2 domains (e.g., SpireBCD + 3 unlabeled actin monomers) added to a G-actin solution that contains 10% pyrenylated actin are inactive under nonpolymerizing conditions. As soon as the polymerization buffer is added to the BCD/actin complex, Spire permits the formation of longitudinal interactin bonds, resulting in a rearrangement to one strand of the filament as was shown in Ducka et al. (20) . Formation of a short actin filament along the SpireWH2s will reduce the affinity and increases the tendency to release this short filament, which then functions as a nucleus for normal actin polymerization. At this stage, the nucleus is formed and the fast elongation occurs in the presence of free G-actins. The now "empty" WH2 stretch will fill its binding sites immediately with available free G-actin thus also decreasing the presence of pyrenylated G-actin in solution. At steady state, this amount of fluorescent label will not be available and consequently lower the overall signal. Nucleating activity and the decrease of steadystate fluorescence go hand in hand. This molecular mechanism of enhanced actin polymerization by Spire is a finding that might alter our view on all actin-binding proteins that contain WH2 domains in tandem.
In vivo Spire-mediated actin nucleation seems to be more complex and requires cooperation with formins and profilins, as was previously shown by Quinlan et al. (27) and very recently by Pfender et al. (38) . Taking into account our solution structure of SpireNT/actin complex and the recently released crystal structures of the Spire KIND domain complexed with the C-terminal region of Fmn2 formin (32, 33) , we propose the model shown in Fig. 5 E-H, in which one formin dimer binds two molecules of Spire, and each Spire binds to four actin molecules, bringing together eight actin molecules, which then could form a complete filament seed and thereby create a nucleating complex. "Handing over" actin seeds to the formin-promoted actin filament elongation (39) requires dissociation. Dissociation might be induced by binding the profilin/actin complexes to the formin homology 1 domains within the complex and allow formin a processive movement along the growing filament. After Spire is released from the pointed end of the growing filament, it is free to bind monomeric actin and to start a new round of sequestration and nucleation.
Materials and Methods
Full methods and associated references are described in SI Materials and Methods. Protein expression and purification were performed following the procedures described previously (20) . TIRF microscopy and fluorescence measurements were carried out using procedures as described previously (35, 36) . Solution small-angle X-ray scattering measurements were made at the cSAXS beamline at Swiss Light Source (Paul Scherrer Institut). Basic scattering parameters (radius of gyration R g , forward scattering intensity Ið0Þ, and maximum diameter D max ) and the distance distribution function pðrÞ were determined from the Guinier plot and by inverse Fourier transform with the program GNOM (40) . Dummy atom modeling was made with the program DAMMIF (30) . Comparison of the SAXS data to molecular models derived from crystal structures were made with CRYSOL (41). Rigid body modeling was carried out with the program BUNCH (42) .
